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In a previous investigation (1) a study was
made of the incorporation of acetate and iso-
leueine into the lipids of dog skin, using the per-
fusion technic of Kjaersgaard (2). With this
technic, the flap of skin from the thigh of the
dog is removed after cannulation and perfused
in a chamber kept at 37°C and high humidity
by steam heating. Relatively poor incorporation
of acetate was observed under these experimen-
tal conditions; but with isoleucine much higher
incorporation was found. This suggested that
the skin, in contradistinction to other tissues,
could form lipid much more readily from amino
acids than from acetate. One possible explana-
tion of this anomalous result is that this per-
fusion technic is not reproducing the true phys-
iological conditions as they occur in living skin.
In a recent modification of the Kjacrsgaard
perfusion technic, Adachi and Chow (3) do not
remove the flap of skin from the dog, but isolate
its vascular supply and leave it in situ during
the perfusion period. In the present paper the
latter technic has been used for perfusion stud-
ies of the incorporation of other amino acids,
in addition to isoleucine, into the lipids of the
skin.
EXPERIMENTAL
Perfusion
The in vivo procedure of Adachi and Chow (3)
was used to stduy the incorporation of C14-ace-
tate, -pyruvate, -isoleucine, -valine and -alanine
(all uniformly labelled) into the lipids of dog
skin. In all, twenty dogs were perfused, 6 with
C14-acetate, 5 with C'4-pyruvate, 4 with C4-iso-
leucine, 3 with C'4-valine, and 2 with C°4-alanine.
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Two dogs received 20 microcuries of acetate, one
received 5 microcuries of acetate, and two dogs
received 20 microcuries of pyruvate. The remain-
ing 15 dogs received 10 microcurics of precursor.
The precursor was dissolved in 1—4 ml. normal
saline and this saline solution added to the ani-
mal's own oxygenated femoral artery blood to
give a total volume of 30 ml. The blood was
drawn up into a side-arm syringe attached to a
three-way stopcock connecting the polyethylene
tubings introduced between the femoral artery
and the saphenous artery just proximal to the
cutaneous branch(es) * The blood was then in-
jected slowly over a 30 minute period, i.e., at a
rate of 1 ml/min. This corresponds to a perfusion
rate of from 0.166 to 0.666 microcuries of precur-
sor per minute in the various experiments, with
15 of the dogs receiving 0.333 microcuries per
minute. At the end of the perfusion 1 ml of
methylene blue was injected to delimit the pre-
cise area of perfused skin, and the latter was ex-
cised.
Extraction of Lipids
The excised skin was freed from subcutaneous
fat, cut into small pieces, and freeze-dried over-
night. The dried skin was ground in a Wiley mill
to pass through a 20 mesh screen, and was then
placed in a desiccator under vacuum to constant
weight. The lipids were extracted from the dried
skin in a Soxhlet apparatus by means of acetone.
The acetone was removed in a rotary-film
evaporator, the lipids purified by passage through
chloroform and dried to constant weight. An
aliquot was set aside for radioactivity measure-
ment and the remainder fractionated as described
below.
Fractionation of Lipids
General. The lipids were separated into free
fatty acids and neutral lipids by conventional
* Considerable variation in number and size of
cutaneous branches was observed in different
dogs. Although a single cutaneous branch is most
common, in some dogs two or even three
branches occurred. For technical ease in cannu-
lating vessels, it is desirable to use dogs weighing
20 kg or more.
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chemical methods (4). Aliquots of both fractions
were set aside for radioactivity measurement. In
cases where contamination of the lipid sample by
radioactive non-lipid substances was suspected,
the sample was dissolved in ether and the
ethereal solution washed either with water or with
a dilute solution of carrier precursor to constant
specific activity. The remainder of the free fatty
acids were set aside for future study by simul-
taneous gas chromatography and radioactivity
measurement. Part of the remaining neutral
lipid was further fractionated as described below
and the remainder also stored for further study.
Thin-layer Chromatography of Neutral Lipids.
The neutral lipids were further fractionated using
preparative thin-layer chromatography. Plates, 1
mm thick, were prepared with silica gel G (Re-
search Specialties, Richmond, California) using
the standard procedure (5). Multiple spots of the
lipid sample were applied to the plate and the
plate run in benzene to 10 cm. The separated
bands of lipids were located by means of 2',7'-
dichlorofiuorescein (a single spot of a reference
mixture was applied at the edge of each plate to
aid in the identification of each band), and scraped
from the plate. In order to obtain sufficient lipids
for radioactivity measurement several plates were
run when necessary. The silica containing the sep-
arated band from one or more plates was placed in
an extraction thimble and the lipids extracted in a
Soxhlet apparatus with chloroform. The extracted
lipids were then set aside for radioactivity measure-
ment, and the percentage distribution of activity
throughout the separated fractions determined.
Radioactivity Measurement
All measurements of radioactivity were per-
formed in a Nuclear-Chicago Model 701B Liquid
Scintillation Spectrometer using Liquifluor® (Pilot
Chemicals Inc.) as the scintillator. Lipid samples
were counted after solution in the scintillator.
Tissue samples were first digested with hyamine
before addition of the sciatillator. All samples
were counted on three consecutive days and cor-
rected for efficiency, as determined by a C5-toluene
standard, and for quenching, as determined by
means of an internal standard of C'4-hexadecane.
Under the conditions used the efficiency of the
counting system for C'4 was 71%.
EESULTS
In the previous study (1) the index used to
measure the extent of incorporation of the
radioactive precursor was the percentage of the
total perfused activity which appeared in the
lipids isolated from the perfused flap of skin.
This criterion is somewhat unreliable since it
TABLE I
Incorporation of carious precursors into the lipids
of dog skin
Total Ratio of
p ecorsor
Num-
her
of
Dogs
Lipid
Incorpora-
tion aa
Percentage
of Total
Tissue In-
corporation
Specific
Activity
of Total
Lipids
Specific
Activity
of Non-
Lipids
specific
Activity
of Total
Lipid to
Total
Non-
Lipid
(pc/gsa.)
Acetate 6 20.6% 0.138 0.146 0.94
Iso-Leucine 4 2.7% 0.034 0.285 0.12
Pyruvate 5 2.0% 0.013 0.205 0.06
\Taline
Alanine
3
2
1.8%
0.3%
0.012
0.004
0.305 0.04
O.335
0.01
does not make adequate allowance for the wide
variations in the size of the perfused area of
skin in different dogs. Indeed if it is applied to
the present perfusions with acetate, the varia-
tions for the six dogs range from 0.4 to 6.0% of
the total perfused activity and also show no
significant differences whether 5, 10 or 20 mi-
crocurics of C'4-acetate are perfused. Such a
criterion is obviously of little value for com-
parative studies. Therefore, two methods have
been used here to estimate the extent of in-
corporation, (a) the radioactivity of the iso-
lated lipids expressed as a percentage of the
radioactivity of the total perfused skin (lipid
plus non-lipid), and (b) the ratio of the specific
activity of the lipids to that of the non-lipids
of the perfused skin. With both of these criteria
variations still occurred between the results ob-
tained with the same precursor in different
dogs; nevertheless the results were sufficiently
in agreement to be of value in the comparative
studies described here.
In Table I the averages for each precursor
are listed, and regardless of which of the above
methods is used to estimate the extent of in-
corporation, the following conclusion can be
made. Measurable incorporation into the lipids
occurs with all the precursors, but acetate is
much more readily incorporated than any of
the other precursors. The extent of incorpora-
tion was in the following order :—acetate more
than isoleucine more than pyruvate more than
valine more than alaninc. The specific activity
of the lipids isolated in the acetate perfusions
was four times that of the isolcucine, ten times
that of the pyruvate, eleven times that of the
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valine and thirty-five times that of the alanine.
A similar order of activity was observed in the
free fatty acids (Table II), though the order
for the neutral lipids was not quite so consistent.
The precursors which are most readily incor-
porated into the total lipids arc also incor-
porated most readily into the neutral lipids
TABLE II
Average specific activities of free fatty acids and
neutral lipids
Precursor Free Fatty Acids Neutral Lipids
Acetate
Iso-Leueine
Pyruvate
Valine
Alanine
(pc/gas.)
0.148 0.143
0.065 0.027
0.029 0.009
0.023 0.011
0.016 0.003
TABLE III
Average incorporation of activity into free fatty
acids and neutral lipids
Precursor Free Fatty Acids Neutral Lipids
(% Ta/al Lipid Incorporation)
12.8 87.2
15.8 84.2
26.1 73.9
26.3 73.7
36.0 64.0
(Table III); the significance of this observation
will be discussed subsequently. It is also signifi-
cant that both of the branched-chain amino
acids, isoleucine and valine, are much more
readily incorporated into lipids than is the
straight-chain amino acid alanine.
The distribution of activity throughout the
isolated neutral lipid fractions is presented in
Table IV. While it is felt that some caution
should be exercised at the present time in the
interpretation of this data, nevertheless it is
considered that the following conclusions are
valid. Significant incorporation into all frac-
tions, with the exception of the saturated hy-
drocarbons which are either contaminants or
biologically relatively inert, with all precursors
was observed, and there were significant varia-
tions in the extent of incorporation of different
precursors into different fractions. Incorporation
into the triglycerides was always high, usually
the highest, since this was the major fraction of
the neutral lipids. Very high incorporation into
a minor constituent (spot 5) was consistently
observed. This material has been tentatively
identified as esters of alkane-diols. Incorpora-
tion into both free and estcrified sterols was
observed but with some significant variations.
Incorporation of acetate and alaninc into the
free sterols was relatively high while the incor-
poration of these precursors into the esterified
sterols was low. On the other hand incorporation
of isoleucine into the free stcrols was low while
Acetate
Iso-Leucine
Pyruvate
\Taline
Alanine
TLC Fractioo
TABLE IV
Average distribution of activity in fractions isolated from the neutral lipids
by thin-layer chromatography
Major ComponeutNo. Approximate
1 0.0
2 0.03
3 0.08
4 0.25
5 0.36
6 0.58
7 0.68
8 0.80
9 0.90
Phosphatides
Free Sterols
Unidentified traces
Triglycerides
Unidentified probably ad-
kane-diol esters
Waxes
Sterol esters
Squalene
Hydrocarbons
Precursor Perfused
Acetate Iso-Leucine Valioe Pyruvate Alanioe
(% Total Activity of Neutral Lipids)
20.0 8.9 11.6 33.4 26.7
23.1 4.3 12.3 11.1 20.2
2.4 4.8 7.2 8.4 3.6
32.6 30.6 13.8 29.4 34.9
20.1 18.2 34.7 8.6 7.3
0.8 5.8 4.7 2.6 2.7
0.9 26.6 15.3 6.1 4.1
0.1 0.8 0.4 0.4 0.5
ilsit nsK ns* ns* ns*
* Count on fraction not significantly above background count.
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the incorporation of isoleucine and valine into
the sterol esters was high; the significance of
this will be discussed.
DIsCUSSION
The greatest incorporation of a precursor into
lipid (Table I) occurs with acetate, followed in
order by isoleucine, pyruvate, valine and ala-
nine. This is seen to be the case regardless of
whether one considers the data in terms of (a)
relative lipid incorporation as a percentage of
total tissue uptake, or (b) the ratio of specific
activity of lipid to that of non-lipid, which is
correct for variations in skin flap size, or even
(c) the absolute specific activity of the lipid.
This result is in direct contrast with the pre-
vious observations on perfused dog skin, but in
which an essentially in vitro perfusion proce-
dure was used. It is possible that the difference
is a reflection of the more physiological condi-
tions prevailing in the present perfusion condi-
tions. Differences in oxygen tension may con-
tribute, since it has been pointed out by Erwin
and Bloch (6) that the lipid pattern of organ-
isms is determined not only by genetic factors
but also by such environmental factors as nu-
trition, temperature, and gaseous atmosphere.
Not only has a much greater incorporation of
acetate been observed in these experiments as
compared with the previous ones but greater
overall efficiency of incorporation of both ace-
tate and isoleucine has also been observed.
Thus, in the previous work incorporation of
0.3% of the perfused isoleucine and 0.02% of
the perfused acetate was observed. The corre-
sponding figures for the present experiments are
0.6% and 2.5% respectively.
The previous results indicated that amino
acids are more readily incorporated into the
lipids of the skin than acetate, an observation
at variance with observations on tissues other
than skin and hence difficult to explain. The
present findings correct this implication; never-
theless, significant incorporation of amino acids
into lipids has been found to occur. The normal
catabolism of several amino acids is known to
follow the general pathway shown in Figure 1
(a); the acid is first deaminated and the result-
ing keto-acid transformed into an acyl-CoA
derivative. Several such acyl-CoA compounds
have been shown by Horning et al. (7) to un-
dergo chain elongation, by condensation with
malonyl-CoA, to form long chain fatty acids in
a manner analogous to the accepted mechanism
of formation of fatty acids (Wakil (8)). The
conversion of amino acids into fatty acids
Normal Pathway(a) General
tlH2 9
tCH.COOH — R.C.COOH —
(b) A I a n i n e
NH2 0 0
CH3.dH.COOH —CH3CCOOH — CH3.C.CoA- b. Even n-Acids
(c)yaljne No
CH3 11H2 CH 9 CH 9 Even isa-Acids
_CH.CH.COOH CH.C.C00H CHCCoACH3 CH3 CM,
(d) isoleucine
CH,NH2 CH,O CH3O
CH3CH2.CH.CHCOOH —CH3CH2CH. C COOH— CH,.CH2CH. ci. Odd anteisa-Acids
(e) LeucineCH 2 CH, Q CH 0
ci 2 COOM 2COOH —CHcHZCCOA
e.Odd isa-Acids
Normal Pathway
Fio. 1. Proposed general mechanism of formation of fatty acids from amino acids
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which are then incorporated into other lipids
is thus an acceptable mechanism of biogenesis,
and such a mechanism of biogenesis of the
branched-chain fatty acids was early suggested
by Vellick (9). On this basis valine would form
the even-numbered series of iso-acids (Figure 1
(c)), as demonstrated in bacteria by Kaneda
(10), isoleucine the odd-numbered series of
anteiso-acids (Figure 1(d)), as already demon-
strated in the preceding paper (1), and leucine
the odd-numbered series of iso-acids (Figure 1
(e)). Alanine (Figure 1(b)) would first form
pyruvic acid, then acetyl-CoA, and the higher
incorporation of pyruvate as compared with
alanine (Table I) is consistent with this hy-
pothesis. Incorporation with alanine is lowest of
all precursors studied; this is to be anticipated
since only one pathway is available for this
straight-chain amino acid whereas the branched-
chain amino acids are able to produce both
branched and straight-chain fatty acids (1).
Incorporation of the amino acids has been
shown to occur not only into the lipids as fatty
acids but also into the free sterols (Table IV).
Since alanine and isoleucine both form acetyl-
CoA, the latter as the final step in its catabo-
lism, such biosynthesis can easily be explained.
Indeed the fact that this incorporation is lowest
with isoleucine is consistent with the hypothesis
that degradation to acetyl-CoA must first occur
before the amino acid can be converted into
sterol. The relatively high incorporation of
valine into sterol cannot be explained on this
basis, for not only is the extent of incorporation
high, indicating that it occurs early in the path-
way of catabolism, but valine does not appear
to form acetyl-CoA, only propionyl-CoA. The
elucidation of this conversion is important since
it may indicate an alternate pathway of sterol
biogenesis.
Incorporation of activity into the sterol esters
(Table IV) would be principally as the fatty
acid rather than the sterol, though both would
obviously occnr. It is significant to note that the
highest incorporation occurred with the amino
acids isoleucine and valine, which would yield
branched-chain fatty acids. It has been observed
(11) that the sterol ester fatty acids of the sur-
face lipids are predominantly unsaturated or
branched-chain members rather than saturated;
our findings are consistent with these observa-
tions.
Both the free fatty acids and the neutral
lipids exhibit the same order of activity as the
total lipids with respect to the various precur-
sors (Table II). Nevertheless the percentage of
activity in the two fractions varies considerably
among the several precursors, as shown in Table
III. Thus the least active compound (alanine)
shows the highest percentage of activity in the
free fatty acid fraction, while the most active
compound (acetate) shows the highest per-
centage of activity in the neutral lipids. This is
consistent since the fatty acids, either free or as
their coenzyme A derivatives, would first be
formed and then subsequently incorporated
into the neutral lipids. Furthermore compounds
with the highest turnover rate would show the
greatest percentage of end product. Hence the
highest incorporation into neutral lipids would
be expected to occur with the substance with
the highest turnover rate, namely acetate. In
fact the extent of neutral lipid incorporation
almost exactly parallels the turnover rates.
In the skin there are two major sites of lipo-
genesis, the sebaceous glands and the cells of
the Malpighian layer of the epidermis. How-
ever in the present perfusion model the cutane-
ous branch of the saphcnous artery also reaches
the subcutaneous fat. Though the turnover rate
of such adipose tissue is expected to be low,
nevertheless some incorporation of the perfused
precursors into the subcutaneous fat probably
occurs. In the present experiments, the sub-
cutaneous fat is removed as completely as possi-
ble before the skin is dried and for present
purposes any incorporation into the subcutane-
ous fat has been ignored.
The present dog skin perfusion technic has
one major advantage, namely that it is main-
taining, as closely as possible, normal physio-
logical conditions in the skin. It is, nevertheless,
a somewhat tedious and time consuming technic,
and furthermore it is limited to one experimen-
tal animal. While the cat has a similar perfusiblc
skin flap, it is much too small an animal for
such studies; indeed we have found that the
perfusion is more successful with larger dogs of
20 kg and over rather than with smaller ones.
For data on skin lipogenesis in other animals
it is necessary to use homogenate and slice
techniques and the value of such data, under
certain conditions, is perhaps questionable. The
dog skin perfusion technic is of great value as a
reference procedure so that studies can be made
first with this technic, and the results compared
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with homogenate and slice technies on dog skin
before proceeding with the appropriate study of
the skin of other animals.
SUMMARY
1. The in vivo procedure of Adachi and Chow
has been used to study the incorporation of
acetate, pyruvate, isoleucine, valine and alanine
into the lipids of dog skin.
2. All precursors were incorporated into the
lipids, the greatest incorporation occurring with
acetate, followed in order by isoleucine, pyru-
vate, valine and alanine. The greater incorpora-
tion with acetate than with isoleueine was in
contrast with previous findings using a less
physiological perfusion procedure.
3. With all precursors, incorporation into the
free fatty acids and also into all the separated
fractions of the neutral lipids was observed. In
particular, incorporation of the amino acids into
the free sterol fractions occurred in all cases.
4. The greater incorporation of two branched
chain amino acids than a straight chain amino
acid lends support to previous suggestions that
branched chain compounds can be utilized in
more diverse ways than straight chain com-
pounds, including the specific formation of
branched chain fatty acids.
5. The advantages of this in vivo technic,
particularly as a reference for comparative
studies of cutaneous lipogenesis, are indicated.
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